ABSTRAm. Repair of tetralogy of Fallot and ventricular septal defect frequently requires righ ventriculotomy. Although the mechanisms for right bundle branch block (RBBB) have been frequently discussed, the pathogenesis of this electrocardiographic abnormality is still unknown. To determine if disruption of the distal subendocardial Purkinje fiber network in the right ventricular free wall produced RBBB and if cellular electrophysiologic abnormalities in or near the ventriculotomy scar could provide a substrate for conductance disturbances, we investigated the electrocardiographic and electrophysiologic effects of experimental right ventriculotomy in 12 beagles. On the surface electrocardiogram no significant differences in QRS duration (lead 11) or morphology were apparent between the control group (n = 6) and the postventriculotomy animals (n = 6) (QRS duration = 34 f 4 versus 34 f 7
ABSTRAm. Repair of tetralogy of Fallot and ventricular septal defect frequently requires righ ventriculotomy. Although the mechanisms for right bundle branch block (RBBB) have been frequently discussed, the pathogenesis of this electrocardiographic abnormality is still unknown. To determine if disruption of the distal subendocardial Purkinje fiber network in the right ventricular free wall produced RBBB and if cellular electrophysiologic abnormalities in or near the ventriculotomy scar could provide a substrate for conductance disturbances, we investigated the electrocardiographic and electrophysiologic effects of experimental right ventriculotomy in 12 beagles. On the surface electrocardiogram no significant differences in QRS duration (lead 11) or morphology were apparent between the control group (n = 6) and the postventriculotomy animals (n = 6) (QRS duration = 34 f 4 versus 34 f 7 Abbreviations AMP, action potential amplitude APD 100, action potential duration to full repolarization MDP, maximum diastolic potential ToF, tetralogy of Fallot ~m a x , maximum velocity of phase zero upstroke VSD, ventricular septal defect CT, conduction time QRS, ventricular activation on the surface electrocardiogram AP, action potential AV, atrioventricular ms, respectively). using microelectrode techniques, the right ventricular endocardia1 surface was carefully mapped. T; facilitate analysis, data were grouped into five regions: outflow septum, outflow free wall, inflow free wall, and ventriculotomy region. No significant delays of regional activation were noted in the postventriculotomy group compared to the control group: outflow septum-30 f 16 versus 36 f 16 ms; outflow free wall-33 f 10 versus 38 f 19 ms, inflow septum-32 f 7 versus 33 f 13 ms, inflow free wall-35 f 11 versus 35 f 22 ms, and ventriculotomy region-32 f 10 versus 31 f 16 ms, respectively. Action potential characteristics in the ventriculotomy region of the postventriculotomy dogs were similar to a comparable region in the control animals: maximum diastolic potential-86 f 1 versus 86 f 2 mv, action potential amplitude-117 f 3 versus 119 f 3mv, maximum velocity of phase zero upstroke-486 f 47 versus 543 f 48 V/s, and action potential duration to full repolarization-208 f 10 versus 208 f 16 ms, respectively (p = NS). We conclude that 1) ventriculotomy-induced disruption of the subendocardial Purkinje network does not produce macroscopic conduction delay and is not a mechanism of RBBB, and 2) the homogeneous scar of a right ventriculotomy, healed under low right ventricular pressure, produces few abnormalities in action potential characteristics. (Pediatr Res 23: 433-438, 1988) Right ventriculotomy is required for the surgical repair of many congenital heart defects and has been implicated as a substrate for conduction disturbances. The electrocardiographic pattern of complete right bundle branch block commonly occurs after ventriculotomy. It has been reported to occur in 60 to 100% of patients after repair of tetralogy of Fallot (1-6) and 60 to 8 1 % of patients after surgical repair of ventricular septal defect (7- 
I).
Previous histologic and electrophysiologic studies have presented evidence that surgical injury to the right bundle may occur at any one or combination of three sites: 1) immediately after bifurcation of the bundle of His, 2) as the right bundle traverses the moderator band, and 3) at the distal subendocardial Purkinje network (1 2-15).
Considerable controversy exists as to the possible mechanism(~) for the conduction disturbances that occur after surgical repair of ToF or VSD. The observations of Gelband et al. (2) and Krongrad et al. (14) suggested that the electrocardiographic pattern of right bundle branch block developed after the right ventriculotomy incision, and before infundibular resection and VSD closure. Horowitz et al. (15) , however, noted the development of right bundle branch block after infundibular resection in a group of patients undergoing transatrial repair of ToF.
It was the vumose of our investigation to examine the electro-
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Surgery.
Twelve beagle puppies, 6 months of age, formed the study group. After induction of anesthesia with sodium pentobarbital (30 mg/kg) intravenously and atropine sulfate (0.0 1 mg/ kg) intramuscularly, each animal was intubated endotracheally and ventilated with a Harvard small animal respirator. Blood gas analysis was performed intermittently and adjustments made in ventilation to keep the values within the normal range. Penicillin G, 150,000 U/kg, and kanamycin, 15 mg/kg, were injected intravenously.
A midline sternotomy was then performed, and the pericardium was opened. A transmural vertical ventriculotomy was performed in six puppies. The technique used was similar to that reported by Fixler and Wheeler (16) and involved making a transmural incision in the anterior right ventricular free wall two-thirds the base-apex length, approximately 4 cm. The ventriculotomy was started in the infundibular free wall, 1-2 cm lateral to the left anterior descending coronary artery, and was enlarged by serial incisions. This was necessary in order to avoid the need for cardiopulmonary bypass. Each small segment of the incision involved a full thickness penetration of the right ventricular free wall into its cavity. Each segment of the ventriculotomy incision was sutured together before its length was extended. No ventriculotomy was performed on six animals; these served as the control group. The sternotomy incision was closed and the animals were allowed to recover. Each puppy, for the next 3 days, received the same dose of antibiotics as was administered preoperatively.
All animals were allowed to grow and develop to 14 months of age, 8 months postventriculotomy. When they matured to this age, each had a six lead electrocardiogram (limb leads). Intracellular action potential measurements. Upon completion of the surface electrocardiogram, each puppy was anesthetized with sodium pentobarbital, 30 mg/kg, intravenously and anticoagulated with heparin sulfate, 100 U/kg, intravenously. The animals were then intubated endotracheally and ventilated with a Harvard small animal respirator. The midline sternotomy incision was reopened and all fibrous adhesions to and around the heart were lysed. The heart was quickly removed from the chest and placed in a cold oxygenated Tyrode's solution.
The right ventricle was dissected free from the left ventricle in room temperature Tyrode's solution, bubbled with 95% O2 and 5% C02, by the following technique: 1) the right and left atrium were removed from the ventricles by cutting through the AV junction. 2) An incision was next made in the anterior and posterior leaflets of the tricuspid valve, allowing the right ventricular free wall to float unrestrained for chordal attachment to the papillary muscles.
3) The right ventricular posterior wall was detached from its septal connection by making an incision in the ventricle at the base of the crux and canying it along the junction of the free wall and septum. 4) The left ventricle was opened by a vertical incision between the anterior and posterior papillary muscles. 5) The anterior-lateral and posterior-medial left ventricular free walls were then trimmed away from their septal attachments. The right ventricular preparation is illustrated in Figure  1A . The right ventricle was pinned to the bottom of a waxed Lucite tissue bath and superfused with Tyrode's solution containing (mmol/liter): NaCl, 13 1; NaHC03, 18; CaCI2, 2.7; MgCl,, 0.5; NaH2P04, 1.8; KCI, 4.0; and dextrose 5. constructed with an external water jacket, maintained a minimal temperature gradient ( f 0.2" C). The Tyrode's solution was bubbled with 95% 02-5% C02, warmed to 37" C, and was superfused at a rate of 26 ml/min. The tissue chamber was connected to ground through a 3M KC1-silver/silver chloride junction placed 3 cm lateral to the tissue preparation.
The right ventricular endocardia1 preparation was paced at a cycle length of 500 ms from the proximal right bundle branch. Under low power microscopic observation, the proximal right bundle branch could be visualized, traversing the right ventricular septum toward the anterior papillary muscle. Stimuli were delivered with bipolar silver wires that were insulated to the tips with Teflon. The stimulus pulse width was 2 ms and the amplitude was 1.5 to 2 times diastolic threshold. The preparations were impaled with 3 M KC1-filled glass capillary microelectrodes having tip resistances of 5-20 megohm. The following intracellular action potential characteristics were measured from photographic recordings: CT from the stimulus artifact to the mid point of the action potential upstroke, MDP, AMP, Vmax, which was differentiated electronically, and ADP 100.
The right ventricle was allowed to stabilize for 1 h before measurements were made. For each preparation, 200 to 250 microelectrode impalements of the endocardium were recorded. In an attempt to standardize the depth of microelectrode impalement, only recordings from the first through third cell layers were accepted.
Data analysis and statistical design. Twelve beagle dogs made
up the two study groups used for these experiments. Group I was a control group of six dogs which had all procedures except right ventriculotomy. The six group I1 dogs had a right ventriculotomy procedure.
To facilitate constructing an endocardia1 map of right ventricular activation, an 8 by 10 inch sketch of the right ventricular preparation was made. An overlying twenty-six by twenty coordinate grid allowed localization of the site of impalement for data analysis.
The microelectrode data from each right ventricular preparation was separated into five regional groups: outflow septum, inflow septum, outflow free wall, inflow free wall, and ventriculotomy region (Fig. IB) . For each animal, a regional mean of action potential characteristics was obtained by averaging all action potential data within a specific region. Thus, for each animal, five regional means were calculated. To detect regional differences that might exist within either the control group or experimental group, the regional mean from each of the six group animals was then averaged. Statistical significance of differences within either group I or I1 was assessed by one-way analysis of variance. If the overall analysis of variance revealed statistical significance among the regions ( p < 0.05), then individual t tests were performed, using Bonferonni's modification of the t test (17) . A nested analysis of variance was performed to assess the statistical significance of differences that might exist between groups I and 11. If the nested analysis of variance revealed a statistically significant difference between groups I and 11, then painvise comparisons of similar regions were performed using Bonferonni's modification. The statistical probability of differences are reported in the text. An unpaired t test was used for the statistical comparison of differences in QRS duration between groups I and 11. The results given in the text are expressed as the mean f SD. Late electrophysiologic sequelae. Endocardia1 Activation. To assess whether right ventriculotomy produced delayed regional activation without prolongation of the surface QRS, the sequence of right ventricular endocardia1 activation was mapped. Moderate delays in regional activation may occur with a normal surface QRS duration if the area of delay is activated early in the process of ventricular excitation, normally. Illustrated in Figure 2 is an isochronal map of RV endocardia1 activation from a control dog. Conduction spread in less than 20 ms from the proximal right bundle branch, the site of pacing, to the anterior papillary muscle. Activation then spread centrifugally from the right ventricular apex. Activation of the right ventricular free wall was completed by 39 ms after the initiation of excitation. The posterior-basal right ventricular septum was the last region to be activated, 49 ms after initiation of pacing.
Right Ventriculotomy: Structural-Functiond Correlations.
Transection of all free running branches of the distal Purkinje fiber network, aborizing from the base of the anterior papillary muscle, was never produced by our vertical ventriculotomy incision. Surgery injured either the septal or anterior fascicle alone in two of six postventriculotomy animals.
Right ventricular endocardia1 activation in the post-ventriculotomy group was similar to the control group (Fig. 3) . No differences in region activation could be demonstrated between control and post ventriculotomy animals (Table I) . right ventricle to the anterior papillary muscle. The presence of rapid conduction and healthy action potentials along its course confirmed the absence of electrical damage to the proximal right ventricular conduction system. Conduction from the anterior papillary muscle to the outflow free wall averaged 19 + 6 and 16
+_ 5 ms in groups I and 11, respectively (p = NS). Similarly, the conduction time from the anterior papillary muscle to the inflow free wall did not differ between groups I and 11, 17 +_ 7 and 16 k 6 ms. Propagation in the Ventriculotomy Region. Activation was carefully mapped in the ventriculotomy region. Within the ventriculotomy region, conduction appeared to occur preferentially through the free running Purkinje network (Fig. 4A) . The anterior and posterior fascicles of the distal Purkinje fiber network are the structures depicted as being activated in <20 ms. Similar observations were made in all the experiments performed. Although no regional delays of activation were apparent, localized areas of conduction delay and block were noted within the ventriculotomy scar. Conduction delays of 10 to 30 ms were sometimes found over distances no longer than 0.5 to 2 mm. Figure 4A demonstrates an expanded isochronal map of endocardial activation of the ventriculotomy scar from the right ventricular preparation illustrated in Figure 3 . A 10-ms delay of activation was apparent at the posterior-inferior edge of the ventriculotomy site in this preparation.
No action potentials could be recorded from 5 1 % of impalements in the center of the ventriculotomy scar. In most of the failed impalements, no cellular activity could be recorded. Rarely, regions of high level conduction block were observed (Fig. 4B) .
Comparison 
DISCUSSION
Right bundle branch block has been noted to occur in 60 to 100% of patients undergoing surgical repair of ToF (18) . The long-term prognostic significance of this electrocardiographic pattern is thought to be benign (I 8); however, the development of acquired left bundle branch block may predispose to complete AV block if the right bundle injury is "central." Acquired complete AV block has been documented to occur after surgically induced left bundle branch block was added to a preexisting right bundle branch block (1 9). Of concern is whether acquired complete AV block will develop in postoperative ToF patients who develop atherosclerotic left bundle branch block.
The clinical observations of Gelband et al. (2) and Krongrad et al. (14) have suggested that the electrocardiographic pattern of right bundle branch block developed immediately after the right ventriculotomy incision. Because there was no associated injury to the ventricular septum with this incision, thereby excluding the possibility of central injury to the right bundle branch, the authors deduced that there was "peripheral" injury to the right bundle branch. Krongrad et al. (14) suggested that the conduction defect was distal to the insertion of the terminal fascicles of the right bundle into the ventricular myocardium. The prognostic significance of "peripheral" right bundle branch block would thus be excellent because conduction through the proximal right bundle branch and its terminal fascicles would be normal. However, the prognostic significance would be guarded if the site of injury was more central.
The results of our study suggested that vertical ventriculotomy of the anterior free wall of the right ventricle does not produce "peripheral" right bundle branch block. No electrocardiographic evidence of right bundle branch block was noted in the dogs subjected to right ventriculotomy. QRS duration and morphology were similar in the control and postventriculotomy animals. No regional delay in activation of the right ventricular inflow or outflow free wall was demonstrated during proximal right bundle branch pacing in our in vitro experiments. Conduction delay and block was evident at a microscopic leve (Fig. 4) ; but macroscopically, no regional conduction delay developed after right ventriculotomy because of alternate pathways for rapid conduction. become delayed by 16 to 39 ms if the terminal free running of the right ventricular free wall and produce "right bundle Purkinje fibers were sectioned conjointly. Collectively, these branch block." Sectioning of a single fascicle would be without experiments suggest that transaction of all three terminal fas-effect. These results are not unlike those found herein. The cicular divisions of the distal right bundle could delay activation surgically produced vertical ventriculotomy occasionally tran- right bundle branch block was not related to the total-length of the incision or to the order in which the incision was made. Conduction delay occurred when an incision was made at a specific site in the right ventricular free wall. The location of the site of conduction delay that produces "peripheral" right bundle branch block is currently unknown. Our experimental results demonstrate that right ventriculotomy induced disruption of the peripheral subendocardial Purkinje network does not produce any macroscopic distal conduction delay. These results suggest that the site of conduction delay has to be more proximal in the right ventricular conduction system.
Limitations of experimental design. The experiments reported
herein were performed on previously normal dogs with nonhypertrophied hearts. Many similarities in the conduction system of the canine and human heart exist, but so do differences in the anatomy and morphology of the peripheral divisions of the right and left bundle branches (23) . Experimental evidence suggests that differences between the endocardia1 Purkinje and ventricular myocardial cells in the human left ventricle may be more subtle than that observed in the dog (24) . Even less is known about the endocardial surface of the human right ventricle. The electrophysiologic effects of right ventriculotomy on cardiac conduction in the right ventricle observed herein are applicable to the human situation only in so far as the subendocardial region of the human right ventricle resembles its canine counterpart.
Although macroscopic conduction delay was not evident, our microelectrode studies demonstrated the presence within the ventriculotomy scar of small localized areas of slow conduction and delayed activation. All recorded action potentials from the area of delayed activation had normal resting membrane potentials and rapid upstroke velocities, suggesting that depolarization was generated by the fast inward sodium current. This is in contrast to what has been thought to be the usual mechanism for slow conduction, i.e. action potentials dependent on the slow inward calcium current (25) . Recent studies by Spach et al. (26) have pointed out the importance of cardiac muscle structure in influencing the propagation of a depolarizing wave front. The absence of slow response action potentials within the ventriculotomy region suggests that alterations of the basic cell membrane properties were not responsible for the slow conduction demonstrated. However, alterations in cell coupling, either at the cell to cell level or muscle bundle to muscle bundle level, can significantly depress propagation velocity, even though depolarization occurs through the fast inward sodium current (normal action potentials) (27) . Understanding the functional alterations of conduction within the ventriculotomy scar on a microscopic level was beyond the scope of the experiments designed for this study. Ultimately, these experiments will be important to perform in order to understand possible mechanisms for the ventricular arrhythmias that occur in postoperative ventriculotomy patients.
Implications of study.
The results herein suggest that in our canine model right ventriculotomy-induced right bundle branch block is not secondary to disruption of the subendocardial Purkinje network in the free wall. This observation implies that the site of conduction delay should be more central along the right ventricular conduction system. If the site of block is proximal to the myocardial insertion of the terminal fascicles of the right bundle, then complete AV block may develop if acquired left bundle branch block is superimposed on even this type of right bundle branch block.
